Manipulation of tunneling spin-polarized electrons via a ferroelectric interlayer sandwiched between two ferromagnetic electrodes, dubbed Multiferroic Tunnel Junctions (MFTJs), can be achieved not only by the magnetic alignments of two ferromagnets but also by the electric polarization of the ferroelectric interlayer, providing great opportunities for next-generation multi-state memory devices. Here we show that a La0.67Sr0.33MnO3 (LSMO)/PbZr0.2Ti0.8O3(PZT)/Co structured MFTJ device can exhibit multilevel resistance states in the presence of gradually reversed ferroelectric domains via tunneling electroresistance and tunneling magnetoresistance, respectively. The nonvolatile ferroelectric control in the MFTJ can be attributed to separate contributions arising from two independent ferroelectric channels in the PZT interlayer with opposite polarization. Our study shows the dominant role of 'mixed' ferroelectric states on achieving accumulative electrical modulation of multilevel resistance states in MFTJs, paving the way for multifunctional device applications. 3 I．INTRODUCTION Multiferroic Tunnel Junctions (MFTJs) consisting of two ferromagnetic (FM) electrodes separated by a thin ferroelectric (FE) insulating layer have garnered great interest for potential multi-functional applications in the field of spintronics as a result of their switchable electric polarization with high tunability [1]. By switching the electric polarization of the FE layer, the resistance of the MFTJ changes in correspondence with the electrostatic effect, strain effect, and interface effect, etc. [2]. This has been demonstrated through tunnel electro-resistance (TER), which can be described by the Brinkman model using the barrier height of the insulator and the screening length of the electrodes [3-5]. The change in resistance scales with the fraction of ferroelectric polarization domains, from which a parallel conduction model of ferroelectric poled up and down domains has been proposed [6]. A similar large TER effect has been reported in a semiconductor-based tunnel junction with an additional Schottky barrier on the semiconductor surface, demonstrating the electrical modulation of both the height and the width of the barrier using ferroelectricity [7, 8].
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I．INTRODUCTION
Multiferroic Tunnel Junctions (MFTJs) consisting of two ferromagnetic (FM) electrodes separated by a thin ferroelectric (FE) insulating layer have garnered great interest for potential multi-functional applications in the field of spintronics as a result of their switchable electric polarization with high tunability [1] . By switching the electric polarization of the FE layer, the resistance of the MFTJ changes in correspondence with the electrostatic effect, strain effect, and interface effect, etc. [2] . This has been demonstrated through tunnel electro-resistance (TER), which can be described by the Brinkman model using the barrier height of the insulator and the screening length of the electrodes [3] [4] [5] . The change in resistance scales with the fraction of ferroelectric polarization domains, from which a parallel conduction model of ferroelectric poled up and down domains has been proposed [6] . A similar large TER effect has been reported in a semiconductor-based tunnel junction with an additional Schottky barrier on the semiconductor surface, demonstrating the electrical modulation of both the height and the width of the barrier using ferroelectricity [7, 8] .
Owing to the adjacent FM electrodes attached to the FE material, the tunneling resistance of the MFTJ can be tuned by applying an external magnetic field, dubbed tunneling magnetoresistance (TMR) [9] . The pronounced magnetoelectric coupling (MEC) at the FM-FE interface enables us to actively manipulate the magnetic properties of the FM electrodes by switching the polarity of the FE interlayer, including the interfacial magnetism [10, 11] , magnetic anisotropy [12, 13] , spin polarization [14] , magnetic domain size [15] , and its phase transition [16, 17] , etc. [1, [18] [19] [20] . This leads to the electrically modulated TMR response (e.g., polarity and magnitude) in MFTJs by switching the polarity of the FE interlayer. [21] [22] [23] By utilizing a ferroelectric material as the tunnel barrier layer, the MFTJs possesses an additional degree of freedom to modulate the spin transport and spin injection by electrical means, which is ideally desirable for chip integration. These magnetoelectric functionalities have been employed for multi-functional spintronic devices like four-state memories [24] [25] [26] , making ferroelectric materials promising candidates for computing technologies.
Here we demonstrate that the electrical control of both tunneling electron-and magnetoresistance can be achieved in one MFTJ device (i.e., LSMO/PZT/Co) using ferroelectricity.
The fabricated device exhibits multilevel nonvolatile resistance states by accumulatively tuning the area fraction of the ferroelectric up and down domains in the PZT interlayer.
The correlated TER and TMR states at the 'mixed' FE state are calculated using a twochannel parallel resistance circuit. Our work presents promising ferroelectric control of spin-dependent electron tunneling resistance in MFTJs towards next-generation bioinspired neuromorphic computing applications. 
II．EXPERIMENTAL METHODS
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III．RESULTS AND DISCUSSION
A. TER characterization in MFTJs
A schematic diagram of the MFTJs is shown in Fig. 1 
where d is the barrier thickness (d =5 nm in this work), ̅ = ( ↓1 + ↓2 ) = 0.5 , ∆ ↓ = | ↓1 − ∆ ↓2 | = 0.2 , and ↓1 = 0.4 , ↓2 = 0.6 as illustrated by the schematic band structure in Fig. 1(e) . The TER effect, defined as TER = ↓ ↑ (where R↑ and R↓ is the resistance of MFTJs when the PZT layer is fully poled up and down, respectively) can be expressed as [33, 34] :
where d is the thickness of the PZT, ∆ = ↓ ̅̅̅ − ↑ ̅̅̅ , i.e. the barrier height changes upon reversal of the FE polarization, and 0 is the potential barrier height of PZT which can be determined as its average value of up and down states according to Wentzel-Kramers-Brillouin approximation, i.e. 0 = 1 2 ( ↓ ̅̅̅ + ↑ ̅̅̅ ).
B. TMR characterization in MFTJs and electrical modulation
The resistance of the MFTJ can also be tuned by an external magnetic. Figure 2 shows the multilevel resistance states of a MFTJ tuned by an external magnetic and an electric field alternatively. The multi-state measurements are conducted by first ramping the bias voltage to VMAX to achieve one of the nonvolatile accumulated FE states [ Fig.2(c) ] and then the voltage bias is reduced to VMR (|VMR| ≤ |VMAX|) to probe the magnetoresistance of the MFTJ at this programmed FE state. By gradually tuning VMAX, the FE state of PZT can be accumulatively switched from the fully poled up state, to the partially poled down state, and then to the fully poled down state [27] . By sweeping the magnetic field [ Fig.2(a) ], TMR measurements are performed at each FE state [ Fig. 2(d) ]. The TMR value is calculated by:
where RP and RAP are the resistances of the MFTJ device with parallel and antiparallel magnetic alignments of the FM electrodes.
• For VMAX ≥ +3.0 V and VMAX ≤ -3.0 V, the RP of the MFTJ remain unchanged by changing the VMAX, indicating that the two fully poled states have been established.
Remarkably, the polarity of the TMR response changes from negative to positive sign when the poling bias (VMAX) switches the FE polarization states of PZT from the up to the down state, consistent with previous literature report [23] . 
C. Model and discussion
Taking the device resistance at x%=0 and at x%=100% as the R↑ and R↓, x% can be derived from the device resistance state, Rx at each FE state, as shown in Fig. 3(c) .
The fraction of switched FE down domains as a function of VMAX is plotted in Fig. 3(d) .
We found the FE domain starts to switch at VMAX ≤ -0.5 V, where x% changes dramatically from 0% to 100%. By fine-tuning the poling voltage VMAX, the fraction of the FE down domain in the intermediate FE state can be electrically modulated, leading to the gradual evolution of the device resistance.
The same parallel resistor circuit model is also employed to interpret the evolution of TMR response by switching the FE polarization of the PZT layer. Because of the antiparallel and parallel magnetic alignments of the two FM electrodes, there are two magnetic configurations at each FE state. Fig. 4(a-c) shows the schematic magnetic configurations in MFTJs for the FE fully poled up, partially poled down, and fully poled down states, respectively. Taking VMR = 0.2 V and -0.25 V as an example, the R(H) curves at two FE fully poled states (i.e., x% = 0 and x% = 100%) are presented in Fig. 4(d-e) . The shape of the R(H) hysteresis changes significantly when the PZT polarization is reversed, suggesting a change of the magnetic anisotropy of the Co layer or even the existence of exchange bias. This is probably caused by the migration of oxygen vacancy and formation of CoO at the PZT/Co interface when the PZT is poled down [38] .
Taking the FE state into account, the TMR value of the MFTJ can be described as: 
i.e., the TMR of intermediate FE states [Fig. 4(b) ] can be estimated from the values of the two fully pole FE states [ Fig. 4(a, c) ]. The calculated results from Eq. (6) are presented in 
